Chemically defined media for competence factor (CF) production by group H Streptococcus strain Challis-6 are described. CF is produced by noncompetent cells in a glutamate-free medium in which the cells cannot attain competence and by cells prior to their competence development in a glutamate-containing medium. Glutamate was required for competence development, but was not necessary for growth or CF production. Exacting cultural conditions required for the consistent production of relatively high amounts of CF in defined medium and for its recovery are detailed. The most important requirements include the selection of isolates (like Challis-6) which grew well in another defined medium, early harvest of CF because of its demonstrated instability on continued incubation in defined medium, incubation at 37 C, and the addition of glucose. The CF production was more rapid with increasing inocula and with reduced aeration. Aspartate, cystine, and NaCl were not required. Under the conditions described, large amounts of CF were consistently obtained in the culture filtrates of Challis-6 as measured by the induction of competence in strain Wicky cells and their subsequent transformation at frequencies of 6% or greater.
Pakula et al. (11, 12) showed that competent cultures of group H Streptococcus strain Challis produced, in complex media, exocellular factors which, on addition to cells of the nontransformable strain Wicky made them competent as detected by their subsequent transformation. Competence factors (CF) have also been demonstrated in culture fluids of competent cells of Diplococcus pneumoniae (16) and Bacillus subtilis (1) . The nature and modes of action of these factors are not defined (17). It is clear that studies on the chemical composition of CF, as well as -of the mechanism and nature of competence, would be greatly enhanced by the use of chemically defined media. We previously described such media for both growth and transformation of strain Challis (8) , and similar defined media have been reported by others for transformation of Challis (7) D. pneumoniae (Tomasz, Bacteriol. Proc., p. 29,1964; 15) and Haemophilus influenzae (4, 5) . However, although our initial studies showed reproducibly good frequencies of transformation in defined medium MS6-C (8) , the recovery of CF from this medium was erratic.
We have now further modified the defined medium and established exacting cultural conditions for the consistent production of CF therein. This report presents the media and conditions developed, and discusses factors influencing the production and detection of CF. It also presents evidence for the production of CF by cells which do not become competent (in the same medium), or by cells prior to attainment of competence in another defined medium.
MATERIALS AND METHODS
Organisms. Strains Challis, SBE: 12, and Wicky of group H streptococci were used. These strains were originally used in transformation studies by Pakula et al. (11, 12) . Strain Challis is a spontaneously transformable strain which releases CF into the medium (11) . The culture used in this work, designated Challis-6, was isolated in this laboratory by repeated transfers for its rapid and luxuriant growth in chemically defined medium MS6 (Table 1) . Wicky is a nontransformable strain which requires the addition of CF for transformation and, therefore, it was used to measure CF activity (12) . Strain SBE: 12 is resistant to 2 mg of dihydrostreptomycin/ml and was used only as a.source of deoxyribonucleic acid (DNA).
STREPTOCOCCAL COMPETENCE FACTOR
Growth and storage of cultures. Unless otherwise stated, all cultures were initiated with a 5% (v/v) inoculum of an overnight culture and incubated at 37C in stationary, tightly stoppered test tubes (16 by 150 mm) or Erlenmeyer screw-cap flasks (Bellco Glass Co., Vineland, N.J.). Stock cultures of Challis-6 were prepared as follows. Cells were grown overnight in MS6, and 0.5-ml amounts were placed in test tubes, quickly frozen to -60 C, and stored at this temperature for up to 4 months. For studies of transformation or CF production, the frozen inocula were thawed at room temperature and diluted with 5 ml of MS6 per tube. The cultures were incubated overnight and transferred at least once in MS6 before use in CF production or transformation studies. The same culture may be transferred daily up to 7 consecutive days before it is discarded. These procedures assured reproducibility in the optimal incubation time required by cells of Challis-6 for CF production in medium MS6-F (Table 1) .
Stock cultures of Wicky were grown and stored as described for Challis-6, except that Brain Heart Infusion broth (Difco) containing 2.5% heat-inactivated horse serum (BHI-HS) was used. For studies on induction to competence by added CF, the frozen inocula were thawed at room temperature, diluted with 5 ml of BHI-HS per tube, and incubated overnight.
Media. The compositions of the three chemically defined media are given in Table 1 . The ingredients were obtained from several sources.
Challis-6 growth medium, MS6. Medium MS6 was prepared by dissolving, in 850 ml of double glass-distilled water, the ingredients in the amounts listed in Table 1 , avoiding temperatures in excess of 80 C. We prepared the following dry mixtures and used the amounts indicated per liter of medium: amino acids (except aspartic acid, glutamic acid, and cystine), 3 .60 g; the first four vitamins (niacinamide, thiamine, riboflavine, and calcium-pantothenate), 0.04 g; the next four vitamins, (p-aminobenzoic acid, pyridoxalhydrochloride, pyridoxamine, and folic acid) 0.008 g; and a mixture of adenine, guanine, and uracil, 0.03 g. All the other ingredients except NaHCO3 were then added individually. The medium was sterilized by filtration with 0.2-,um Nalgene filters and was dispensed in 170-ml amounts into 500-ml screw-cap flasks. The medium was stable at 4 C for several weeks. Prior to its use, 20 ml of a 5% solution of NaHCO3 (filter-sterilized) and 10 ml of inoculum were added to give a final volume of 200 ml per flask.
CF production medium, MS6-F. Medium MS6-F was prepared as MS6 except that all of the ingredients minus the last four salts and glucose were dissolved and autoclaved at 121 C for 20 min. MS6-F was stored at 4 C. Before use, glucose, FeSO4, MnSO4, MgSO4, and NaHCO3, each filter-sterilized separately, were added aseptically.
Challis-6-transformation medium, MS6-T. Medium MS6-T was prepared similarly to MS6-F except that 2.5 mg of L-glutamate (sodium salt) per ml was added aseptically.
Isolation of transforming DNA. DNA was isolated from cultures of strain SBE: 12 resistant to 2 mg of dihvdrostreptomycin per ml. Cultures were grown for 18 hr in a 1:1 mixture of Todd-Hewitt Broth (Difco) and Trypticase Soy Broth (BBL), and the cells were harvested by centrifugation. The cells were lysed with a crude C-phage enzyme preparation obtained from group C Streptococcus, strain 26RP66 (6, 10) . DNA was extracted from the cell lysate by the method of Marmur (9) with omission of the ribonuclease step, and was stored in 0.85% NaCl at 4 C. The DNA concentration was determined by the method of Burton (2) . Procedure for transformation of strain Challis-6. Transformation of strain Challis-6 was done in four phases.
Phase 1: inoculum growth. Challis-6 inoculum was grown overnight in MS6 as described above. As a rule, 1010 colony-forming units (CFU)/ml were obtained. The inoculum was centrifuged cold at 16,300 X g (Sorvall GSA rotor) for 20 min. The cell pellet was suspended in MS6-T to its original volume. Phase 2: competence development. Test tubes containing 4.75 ml of MS6-T or 1-liter flasks containing 1 liter of MS6-T were inoculated with an initial cell density of 2 X 108 CFU/ml and incubated for 60 to 90 min for competence development. Phase 4: scoring of transformants. Transformants were scored as follows. Samples were serially diluted in 0.9 ml of 0.85% NaCl, and 0.1 ml of appropriate dilutions were spread on the surface of Brain Heart Infusion Agar (BHIA) plates. After 2 to 3 hr of incubation to allow expression of the dihydrostreptomycin marker, the plates were overlaid with BHIA containing 600 pug of dihydrostreptomycin (Sigma Co.) per ml. Viable counts of recipient cells were done as described above, but no dihydrostreptomycin was added. Transformants and recipient cells were counted after 40 hr of incubation. The percentage of transformation was obtained by dividing the number of transformants per milliliter by the number of recipient cells per milliliter times 100. Appropriate transformation controls with cells alone and DNA alone were included, and no colonies were found. Procedure for CF production in MS6-F. Production of CF in MS6-F was accomplished in two phases.
Phase 1: inoculum growth. The inoculum was grown overnight in MS6 and centrifuged as described for Challis-6 transformation, except that the cells were resuspended in MS6-F.
Phase 2: production of CF. A 5% inoculum was added to any desired volume of MS6-F. We used either 5 ml of medium per test tube or 1 liter of medium per 1-liter Erlenmeyer flask. The tubes or flasks were submerged almost to the cap in a water bath and warmed to 37 C before inoculation. The time required for the optimal release of CF into the culture medium must be predetermined for each batch of stock cells and for the desired medium volume. Under our conditions, 40 to 60 min of incubation usually gave the best results when using 1 liter of MS6-F per 1-liter flask. After maximal release of CF, the cultures were immediately chilled in an ice bath and centrifuged (20 min) in a refrigerated centrifuge (Sorvall GSA rotor) at a speed not exceeding 7,000 rev/min (8,000 X g). The chilled supemnatants were filtered as soon as possible through 47-mm Gelman filter membranes (0.45 jm pore size) held in 500-ml filter holders. Since some CF is lost on the membranes, only two membranes were used per liter of culture supernatant. Small volumes of CF were used without filtration. Initially, small volumes of supernatants were sterilized by exposure to ultraviolet light, but this procedure was found to be unnecessary. Filtered CF preparations could be stored at -20 C for over 6 months without significant loss in activity.
Determination the lag phase of growth was prolonged. The most important overall changes from the growth medium MS6 which resulted in an increased lag phase and in a consistent detection of CF were alterations in the content of glutamate, cystine, aspartate, glucose, and phosphate (8) . These new combinations resulted in media MS6-F and MS6-T ( Table 1 ). The effects of these and other changes on growth, CF production, and competence development are presented. Effect of medium composition on growth. Chalis-6 cells in MS6, with or without glutamate, grew as shown in Fig. 1 . The lag phase was less than 1 hr, and a level greater than 1010 CFU/ml was achieved by 8 hr. Reduction of glucose concentration from 1.0 to 0.3%, as in media MS6-F and MS6-T, caused lower growth (109 CFU/ml) in these media (Fig. 1) . Aspartate or glutamate were not essential for growth (or CF production), but, when aspartate was added and glutamate eliminated (MS6-F), the lag phase lasted 4 hr as compared with 2 hr in the presence of glutamate (MS6-T). Although there was a difference in the duration of the lag phases, the level of growth of Challis-6 reached in 20 hr was similar in MS6-F and MS6-T (Fig. 1) .
Effect of glutamate on CF production and competence development. Glutamate was not essential for CF production in MS6-F, but its addition (resulting in MS6-T; 2.5 g/liter was optimal) was required for competence development. These findings, which are shown in Fig. 2 and 3, were obtained with 1-liter amounts of each medium in 1-liter flasks. The flasks were inoculated with Challis-6 and incubated for CF production. At times indicated in Fig. 2 and 3 , 5-ml samples were removed from each flask and tested for viable counts, transformation, and CF production. In addition, 0.1-ml amounts of the supernatant fluids (not filtrates) of the samples incubated in MS6-F and MS6-T were tested for CF activity by transformation of Wicky cells. It is clear that, when cultures of Challis-6 incubated in MS6-F were tested for transformation in fresh MS6-F, no transformation was detected at any cell age tested (Fig. 2, curve B) . Nevertheless, the same culture in MS6-F produced CF (Fig. 2, curve A) . As shown, there was good production of CF (Fig. 2) (Fig. 3, curve B) . Transformation frequencies of 3 to 5% were obtained with cells incubated for 60 to 90 min before exposure to DNA for 20 min. However, in MS6-T, maximal production of CF (6% frequencies of transformation in Wicky cells) occurred between 30 and 40 min of incubation and declined rapidly therafter (Fig. 3, curve A) FiG. 3 . Growth, CF production, and transformation of Challis-6 cells in MS6-T. The experiment was performed essentially as described in Fig. 2 , except that I liter of MS6-T was used. The samples were testedfor CF production (curve A) by transformation of Wicky cells as described in Fig. 2 , for transformation in MS6-T (curve B), and for viable counts (curve C). ChaWaB, tivity was detectable in MS6-F for a longer period of incubation and was therefore the medium of choice for CF production and recovery. It seemed that, by extending the lag phase, CF recovery, but not production, was facilitated and therefore was consistently detected. MS6-T was the medium of choice for competence development and transformation. It is equivalent to MS6-C (8); both media supported good transformation of Challis-6 cells. Furthermore, by reference to the growth curves (curves C) in Fig. 2 and 3 and comparison with the extended scale curves in Fig. 1 , it is clear that CF production occurred only during the lag phase in either MS6-F or MS6-T, and became undetectable by the time exponential growth was initiated.
Effect of glucose on CF production. Figure 4 shows that glucose was essential for CF production when using 1 liter of MS6-F. Concentrations of 0.1 to 0.5% glucose were found optimal; higher concentrations resulted in more rapid loss of CF activity. In the studies reported here, 0.3% glucose was used routinely. Effect of NaCI on CF production. In previous studies, we found that the addition of 0.5 % NaCl to MS6-C stimulated CF production (8 Fig. 2 . not markedly alter the onset or maximal levels of CF found, as compared to no NaCl (Fig. 5) . As shown, 1.5% NaCl was partially inhibitory and 3% was completely inhibitory. All the results presented in this paper were obtained in MS6-F or MS6-T containing 0.5% NaCl.
Effect of inoculum size on CF production. Increasing initial cell densities resulted in an earlier production of CF in 1 liter of MS6-F. Maximal CF release was obtained with initial concentrations of 6 X 107 to 6 X 108 CFU/ml in the inoculated medium. Initial concentrations of over 5 X 109 CFU/ml were inhibitory. Routinely, a starting cell concentration of about 2 X 108 CFU/ml was used.
Effect of temperature on CF production. Flasks with 1 liter of MS6-F each were warmed to 25, 30, 34, 40, and 45 C (Fig. 6 ). Samples were taken at the times indicated in Fig. 6 and tested for CF activity using Wicky cells as described for Fig. 2 . No CF was detected at the times tested in the cultures incubated at 25, and 45 C. At other temperatures, as shown, the times of onset, levels detected, and duration of CF activity were variable. Early and maximal CF production occurred at 37 C, which was therefore the temperature routinely used. Effect of NaCI concentration on CF production. To 1-literflasks, each containing I liter ofMS6-F, was added 0, 0.5, 1.5, or 3.0% NaCI, respectively. Fivemilliliter samples were removed from each flask at the incubation times indicated, and a 0.1-ml amount of each supernatant fluid was tested for CF activity by transformation of Wicky cells as described in Fig. 2 . inoculum size, but also apparently by available available air in a given container on CF production was air in relation to medium volume. This was shown studied as follows. A series of test tubes containing S by using different volumes of media in different ml/tube (curve A), a 1-liter flask containing 500 ml containers which allowed exposure of different (curve B), and another containing 1,000 ml of MS6-F surface areas of medium to the air. We used a (curve C) were incubated statically as previously de- series of test tubes (16 by 150, 20-ml capacity) scribed. Another 1-liter flask, containing 500 ml (curve containing S ml of MS6-F per tube, as well. as D) was covered with a cotton plug and incubated with containin 5'ml.oflMs6 p tube,na ellhas shaking in a New Brunswick G-25 rotary incubator -liter screw-capped nFasks containing either shaker set at 200 rev/min. At the times indicated, S-ml 500 or I,000 ml of MS6F per flask. All containers samples were taken, and the supernatant fluids were were incubated statically, except one (500 ml/liter tested for CF activity by transformation of Wicky cells flask) which was rotated at 220 rev/min. At times as described in Fig. 2. importance of titrating CF detectability over a complete sampling range whenever medium volumes, containers, or conditions of incubation are changed. Unless otherwise stated, we use 1 liter of MS6-F per 1-liter flask for CF production.
Biological properties of CF produced in defined and complex media. Since we are the first to show adequate and consistent production of CF in a defined medium, we felt it important to compare this CF with that produced in a complex medium. For this purpose, CF was produced by incubation of Challis-6 in the complex medium and by methods described by Pakula et al. (13) . The results in Table 2 show a similarity of the two preparations, the properties of which conform to those described by Pakula and co-workers (11) (12) (13) (14) and Dobrzanski and Osowiecki (3) . The preparations were similar in the following ways. b CF activity was measured by transformation of Wicky cells. A 100% CF activity represents 6 X 106 Wicky transformants/ml (using 0.1 ml of appropriate dilutions of culture filtrates initially containing comparable CF activity).
c In the CF pretreatments, 0.1 ml of CF was incubated at 37 C with each enzyme for 15 min or with antisera for 30 min; samples were tested for residual CF activity by the described technique.
transformable Wicky cells as shown by 6% or higher frequencies of transformation; (ii) each resulted in identical rates of DNA uptake by strain Wicky cells; (iii) the competence-inducing activity of each was destroyed by trypsin, and subtilisin (3); and (iv) the activity of either CF was inhibited by antiserum to competent Challis cells, but not by antiserum to noncompetent Challis cells (8, 14) . Although not shown, the addition of chloramphenicol within 20 min of the addition of either factor prevented the acquisition of competence by Wicky cells (13) . The outstanding difference between the two preparations was in stability. In defined medium, CF activity was lost rapidly (after maximal production) on continued incubation of the cultures, whereas the activity of CF made in the complex medium was not lost on continued incubation of the cultures for as long as 8 hr. Even after harvesting, the CF-containing filtrates from defined medium showed the greater and more rapid loss of CF activity upon storage at 4 C or upon filtration through membranes when preparations of initially comparable CF activity were compared. The CF activity of both preparations with or without dilution, was stable to storage at -20 C for at least 6 months ( Table 2) . DISCUSSION The development of chemically defined media for growth, production of CF, and transformation in group H streptococci was a prerequisite to any precise studies on the mechanism and nature of competence as well as the characterization of CF. We previously reported defined media for growth (MS6) and transformation (MS6-C), but CF detection was inconsistent (8) .
This study was directed toward the identification and control of conditions influencing CF production and recovery in defined media. The results emphasize the importance of first selecting isolates from Challis cultures which grow well in defined media and still exhibit a high degree of CF production and transformability. Lawson and Gooder (7) also showed recently the importance of culture selection and variability in the transformation of different Challis isolates. In addition, Challis isolates must be maintained and stored in defined medium (MS6) if one is to obtain consistent production of CF in MS6-F. The results also point out the exacting cultural conditions required by Challis-6 cells for the consistent production and for the recovery of high levels (106 Wicky transformants per 0.1 ml of filtrate) of CF in defined media. Since this is the first report on the consistent production and recovery of CF in defined medium, it was impor-LEONARD, RANHAND, AND COLE tant to compare this CF with that produced in complex media. Evidence is presented for the similarity of the two preparations, the properties of which conform to those described by others for CF produced in complex media (3, (11) (12) (13) (14) .
This study also revealed important relationships among medium components, growth, CF production and detectability, and the development of the competent state. Some of these relationships are discussed. In defined medium, CF was produced early, its activity declined rapidly, and by the time exponential growth was initiated only low levels of CF activity were detectable in 0.5 ml or higher volumes of culture filtrates. The instability of CF produced in defined medium, in contrast to the more stable CF produced in complex medium (11, 12) , accounts in part for the exacting conditions required for its recovery and emphasizes the need for early harvest from MS6-F or MS6-T culture medium. Continued detectability of CF, but not its initial production nor transformability of Challis-6 cells, improved as the lag phase of growth was prolonged. The relationship between CF detectability and onset of growth is not known. Under our conditions, the important events in the production of CF and development of genetic competence in Challis-6 occurred during the prolonged lag phase of cells incubated in MS6-F or MS6-T. But these events may also occur during the early logarithmic phase of cells incubated in MS6 and SM (7), in which transformation was adequate but CF detection was poor-due to a greater instability of CF produced in these latter media which support rapid onset of growth. Furthermore, CF production and transformation have been shown in early log-phase cells grown in complex media (11) (12) (13) , in which the more stable CF remained detectable several hours after the decline in competence.
Glutamate, although not required for growth or production of CF, was required for competence development. Furthermore, the two events of CF production and competence development are separable, depending on the presence or absence of glutamate, since noncompetent cells of Challis-6 produced CF in a medium without glutamate (MS6-F), in which the cells cannot attain competence. In addition, kinetic studies showed that cells release CF prior to competence development in a medium with glutamate, such as MS6-T or MS6-C (8), in which competence development and transformation occur.
We also found (to be published) that addition of sublethal concentrations of chloramphenicol to transformation samples in MS6-T inhibited competence development in cells which had already released CF maximally in either MS6-F or MS&T, and which would otherwise transform in MS6-T in the absence of chloramphenicol. These results reaffirm the previously demonstrated requirement for protein synthesis for competence development, but not for DNA uptake and subsequent transformation (4, 13, 15) . The findings also suggest that the normal course of events is release of CF by Challis-6 cells prior to competence development, and that these cells are then induced to competence by interaction with the extracellular CF in a manner analogous to the induction in Wicky cells by added exogenous CF.
The availability of the defined media described, and the separability of events produced therein, now permits independent study of the various stages and mechanisms of CF production and competence development which terminate in genetic transformation of group H streptococci.
